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Introduction
Blood clotting occurs as the result of a complex network of kinetically controlled proteolytic reactions, which includes several positive and negative feedback loops. These loops are essential for the rapid, yet controlled, amplification of the triggering stimulus under physiologic conditions, so that the clot is confined to sites of vessel damage. Thrombin-catalyzed activation of the protein cofactors, factors V and VIII, initiates one of these major positive feedback loops (reviewed by Davie et al 1 ; see Figure 1 for a schematic representation of the FV activation pathway). In the presence of Ca 2ϩ ions and phosphatidylserine-containing membranes, activated factors VIII (FVIIIa) and V (FVa) bind to homologous serine proteinases, FIXa and FXa, respectively, to form critically important macromolecular complexes. Because factor X and prothrombin are their only natural substrates, FVIIIa⅐FIXa and FVa⅐FXa complexes are commonly referred to as the Xase and prothrombinase complexes, respectively.
FV and FVIII are large multidomain glycoproteins with a shared A1-A2-B-A3-C1-C2 domain architecture. Relatively long polypeptide stretches rich in acidic residues termed a1, a2, and a3 connect FVIII domains A1 and A2, A2-B, and B-A3, respectively, and the domain organization of the cofactor can thus be described as A1-(a1)-A2-(a2)-B-(a3)-A3-C1-C2. Similarly, the domain structure of FV can be represented as A1-A2-(a2)-B-(a3)-A3-C1-C2. (Alignments of the sequences of FVa2 and FVa3 linkers from various mammalian species are given in supplemental Figure 1A and B, respectively). Physiologic FV/FVIII activation occurs on thrombin-mediated cleavage of 3 scissile peptide bonds, 2 of which, located at the a2-B and a3-A3 junctions, are topologically equivalent in both cofactors. These cleavages liberate the heavily glycosylated B domains and expose binding sites for the cognate proteases, FIXa and FXa, respectively. [2] [3] [4] Recognition and processing of many physiologically relevant thrombin substrates requires initial interactions with one or both positively charged regions on the proteinase surface, exosites I and II 5 (for a review on the general role of exosites in regulating blood coagulation reactions, see Bock et al 6 ) . Exosite I, also known as the fibrinogen-recognition exosite, 7, 8 interacts in addition with natural inhibitors (eg, hirudin) 9, 10 and cofactors, such as thrombomodulin. 11 Exosite II is the major binding site for acidic glycosaminoglycans (eg, heparan sulfate), and for platelet glycoprotein Ib. 12, 13 Several biochemical and biophysical studies have demonstrated that both exosites are involved in FV/VIII activation. [14] [15] [16] [17] [18] The electrostatic complementarity between the acidic a1-a3 regions of FV/FVIII and thrombin exosites immediately suggests that direct thrombin-peptide interactions mediate substrate recognition and regulate processing by efficiently presenting Arg-Xxx activation peptide bonds to the thrombin active site. Indeed, recent investigations have implicated a2 peptides in FV 19, 20 and FVIII activation. 21 Similarly, FVa3 is essential for processing at the a3-A3 domain junction of human FV. 22 Here we have studied the binding of human FVa2 and FVa3 to immobilized thrombin using surface plasmon resonance (SPR). In addition, we report 2 crystal structures of human ␣-thrombin bound to the a2 linker of coagulation FV. Against expectations, the structural analysis indicates that the more N-terminal, hirudin-like region Glu 666 -Glu 672 interacts with thrombin exosite I. (Numbers for FV residues refer to the mature human protein). Modeling experiments strongly suggest a binding mode in which the more C-terminal part of the FVa2 bows along the "upper" thrombin surface and runs close to residues that form exosite II before entering the active-site cleft.
Methods

Materials
Human factor V was obtained from Cryopep or Abcam. The B-PER reagent was from Pierce Biotechnology. Nickel-nitrilotriacetic (Ni-NTA) agarose matrix was from QIAGEN GmbH. C4 columns and guard columns for HPLC were from Grace. Centrifugal filter devices were obtained from Millipore. Mini-PROTEAN precast gels were from Bio-Rad, and prestained molecular-weight markers for SDS-PAGE were purchased from Invitrogen. Crystal screen kits were from Hampton Research or Molecular Dimensions. All other chemicals, of the highest purity grade available, were purchased from Sigma-Aldrich or Merck.
Peptides
FV-derived peptides, H-IPDDDEDSYEIFEPPESTVMATR-OH (FV(657-679)), H-RKMHDRLEPEDEESDADYDYQNR-OH (FV(679-701)), H-DYDYQNR-OH (FV(695-701)), and H-DYDYQ-OH (FV(695-699)) were custom synthesized at the Parc Científic de Barcelona. The peptides were made via automated solid-phase methodology using 9-fluorenylmethoxy carbonyl (FMOC) N-protected amino acids, and purified by reverse-phase HPLC (RP-HPLC). Peptide purity (Ͼ 95%) was verified by HPLC and mass spectrometry.
Cloning, overexpression, and purification
Human FV regions Pro 657 -Arg 709 and Pro 1481 -Arg 1545 were cloned as fusion proteins with an N-terminal His 6 -tag followed by a tobacco etch virus (TEV) proteinase cleavage site. Synthetic genes encoding for these fragments were generated via oligonucleotide assembly, digested with restriction enzymes NdeI and BamHI, and ligated into the corresponding sites of the pET3a plasmid (Novagen). Oligonucleotide synthesis, assembly, and cloning into the expression vector were performed at Entelechon.
Bacterial pellets were extracted with B-PER, the supernatants were warmed to 75°C for 30 minutes, and centrifuged to remove denatured bacterial proteins. The supernatant, enriched in recombinant peptides, was incubated with Ni-NTA agarose matrix for 15 minutes with gentle shaking. After thorough washing of the affinity matrix, bound peptides were eluted with 500mM imidazole. The affinity-purified material was then subjected to reverse-phase chromatography on a C4 column (VYDAC) at a flow rate of 1.0 mL/min. The mobile phases were as follows: phase A, 5% acetonitrile, 0.1% trifluoroacetic acid (TFA) and phase B, 95% acetonitrile, 0.085% TFA. We used an optimized gradient for elution; 5% to 36.5% B over 2 minutes, 36.5% to 62.9% B over 7 minutes, and 62.9% to 95% B over 1 minute. Peptides were lyophilized overnight at Ϫ80°C and 0.01 mbar using a CryoDos freeze dryer (Telstar), and stored at Ϫ20°C until use. Identity of the highly purified peptides was assessed by mass spectrometric analysis of trypsin digests (supplemental Figure 2 , available on the Blood Web site; see the Supplemental Materials link at the top of the online article).
FV activation
Human FV was incubated with ␣-thrombin (250:1 molar ratio) at 20°C in 20mM N-2-hydroxyethylpiperazine-NЈ-2-ethanesulfonic acid, pH 7.4, 150mM NaCl, 5mM CaCl 2 , in the presence or absence of 50M recombinant FVa2 or FVa3. Aliquots of the reaction mixtures were taken at different times, immediately mixed with Laemmli sample buffer, and warmed at 95°C for 15 minutes. Samples were separated on 4%-15% acrylamide gradient gels, which were stained with silver following standard protocols.
Equilibrium binding
The affinity of FV peptides for immobilized thrombin was assessed using a Biacore 3000 system (GE Healthcare). Two different immobilization strategies were used, using CM5 and streptavidin (SA) chips, respectively. CM5 chips. Various concentrations of ␣-thrombin (either free or irreversibly inhibited with D-Phe-L-Pro-L-Arg chloromethyl ketone, FPR-CH 2 Cl) or its degraded forms, ␤and ␥-thrombin, were coupled to the chips following activation with an 1:1 mixture of 400mM 1-ethyl-3-(3dimethylpropyl) carbodiimide (EDC) and 100mM N-hydroxysuccinimide (NHS). Trypsin was coupled to the reference channel at approximately the same density, as judged from the measured response units. To modulate the orientation of thrombin molecules toward the chip surface, we first examined the influence of small molecules that specifically target either exosite I or II, Tyr 63 -sulfated N-acetyl-hirudin(54-65) (Hir-(54-65)(SO 3 Ϫ )), or low-molecular-weight heparin, respectively. Unexpectedly, we were unable to immobilize ␣-thrombin in the presence of excess heparin, whereas essentially identical results were obtained in the presence and absence of 10M Hir-(54-65)(SO 3 Ϫ ). In view of the coupling chemistry, these findings strongly suggested that covalent coupling to the CM5 chip surface involved basic exosite II residues, most likely Lys 235 , Lys 236 , and/or Lys 240 (We use the chymotrypsinogen numbering system for the catalytic domains of serine proteinases, in which residues are numbered according to their topologic equivalence to chymotrypsin[ogen]).
SA chips. Alternatively, to enhance presentation of both exosites to the analytes, human thrombin was derivatized with biotin-labeled FPR-CH 2 Cl, and immobilized on SA chips. In this case, trypsin (previously inhibited with biotin-labeled FPR-CH 2 Cl) and human FXa derivatized with biotinlabeled Glu-Gly-Arg chloromethyl ketone (biotin-EGR-CH 2 Cl) were used as controls.
All binding experiments were conducted at 25°C in HBS-EP buffer (10mM N-2-hydroxyethylpiperazine-NЈ-2-ethanesulfonic acid, pH 7.4, Figure 1 . Mechanism of thrombin-catalyzed FV activation. Schematic representation of the human factor V activation pathway. Cleavage of the a2-B domain linker after Arg 709 is followed by processing at the Arg 1018 -Thr 1019 site, liberating the so-called fragment E (Ser 710 -Arg 1018 ). Finally, slower proteolysis of the Arg 1545 -Ser 1546 peptide bond releases fragment C1 (Thr 1019 -Arg 1545 ), and generates a fully functional cofactor. 48, 49 Activated protein C (APC) cleavages at Arg 306 -Asn 307 , Arg 506 -Gly 507 , and Arg 679 -Lys 680 that inactivate FVa are also indicated with arrowheads.
150mM NaCl, 3mM EDTA, 0.005% [vol/vol] surfactant P20). Analytes were injected at different flow rates (from 10 to 60 L/min), and sensograms were recorded and analyzed using BIAevaluation 4.1 software.
Fluorescence spectroscopy analysis
Fluorescence was measured with an Olis-upgraded SLM 8100 spectrofluorometer (On-Line Instrument Systems). Polyethylene glycol (PEG) 20 000-coated acrylic cuvettes were used to prevent protein absorption. Preparation of florescent probes, methodology, and data analysis were essentially as previously described. [23] [24] [25] [26] [27] [28] [29] All experiments were conducted at 25°C in 50mM N-2-hydroxyethylpiperazine-NЈ-2-ethanesulfonic acid, 110mM NaCl, 5mM CaCl 2 , 1 mg/mL PEG 8000, pH 7.4, in the presence of 1M FPR-CH 2 Cl to prevent protein degradation. Briefly, human 
Results
Fragments of the FVa2 region do not bind with measurable affinity to ␣-thrombin
Based on previously reported data indicating that FVa2 residues Asp 695 to Gln 699 were critical for thrombin-catalyzed cofactor activation and prothrombinase activity, 19, 20, 30, 31 we conducted crystallization trials of human ␣-thrombin, both free and irreversibly inhibited with FPR, in the presence of excess peptides FV(695-699) and FV(695-701). Two different crystal forms were obtained, which were measured (resolution: 1.8-2.4 Å), and the structures solved by molecular replacement. However, inspection of the resulting electron density maps did not reveal any residual density that could account for the FV peptides. Therefore, we decided to use SPR technology to reassess the affinity of FVa2 fragments for CM5-immobilized thrombin, both free and FPR-inhibited. Neither these short peptides, nor longer fragments that fully cover each of the 2 hirudin-like sequences within the a2 linker, FV(657-679) or FV(679-701) (supplemental Figure 1A) , generated significant resonance signals (not shown).
Two features of our experimental setup could have resulted in less pronounced or null SPR signals: the relatively low molecular masses of the FV peptides (2657 and 2912 Da, respectively; although they are well above the theoretical detection limit of 200 Da), and the fact that thrombin is immobilized in these assays most likely via exosite II residues (see "CM5 chips"). To rule out these possibilities, we also assessed the ability of peptides FV(657-679) and FV(679-701) to compete with fluorescein-labeled hirudin 54-65 for binding to exosite I residues. This technique has proven useful to quantitatively study binding of several substrates, inhibitors, and cofactors to thrombin. 25, 26, 29 However, and in agreement with both SPR and x-ray crystallography results, only marginal changes in fluorescence intensity were observed with peptide FV(657-679), yielding a K D of 170 Ϯ 7M (supplemental Figure 3A ). Against expectations, FV(679-701) did not displace [5F]Hir-(54-65) from thrombin exosite I up to the maximum peptide concentrations that could be reached (above 200M), and jellified at higher concentrations (supplemental Figure 3B ).
Full-length FVa2 and FVa3 peptides bind to FPR-inhibited, but not to free ␣-thrombin
Failure to detect interactions with thrombin using peptides that cover each of the hirudin-like sequences of human FVa2 prompted us to investigate the affinity of the entire acidic linker for the serine proteinase. To roughly estimate the contribution of each thrombin exosite to peptide binding, 2 different coupling strategies were followed to allow interactions of the analytes with either exosite I (CM5 chips) or both exosites (SA chips; see "Equilibrium binding"). Sensorgrams obtained by running various concentrations of FVa2 over the ␣-thrombin-FPR channel of the CM5 chip ( Figure  2 ) could be straightforwardly fitted by a model of peptide binding to a single site on the immobilized proteinase with a dissociation constant (K D ) of 2.06M ( Figure 2 inset and Table 1 ). Essentially identical results were obtained when the affinity for biotin-labeled, SA-immobilized thrombin was assessed (K D 1.95M; supplemental Figure 4 and Table 1 ). On the other hand, no resonance signals were detected when FVa2 samples were passed over CM5 chips coupled with the degraded forms of the proteinase, ␤-thrombin (Arg 75 -Tyr 76 peptide bond cleaved) or ␥-thrombin (Arg 75 -Tyr 76 and Lys 149E -Gly 150 bonds cleaved).
We next extended our analysis to the COOH-terminal linker, FVa3. Similar observations as with FVa2 were made when using the CM5 chip, and an essentially identical binding constant was determined (K D 1.96M; supplemental Figure 5A , Table 1 ). However, analysis of data obtained with the SA chip revealed notably tighter binding to thrombin molecules with an accessible exosite II (K D 0.237M; supplemental Figure 5B , Table 1 ), indicating in this case a definite contribution of exosite II residues to complex formation. Also along these lines, competition experiments revealed that FVa3 could still bind to SA chips previously saturated with the A2-B domain linker, while FVa2 was unable to bind to FVa3-saturated surfaces (data not shown).
Unexpectedly, we failed to detect interactions with CM5immobilized, active-site free ␣-thrombin using either FVa2 or FVa3 peptides, suggesting that exosite I is not fully developed in free ␣-thrombin, in line with recent findings (Lechtenberg et al 32 and our own unpublished observations).
FVa2 and FVa3 interfere with thrombin-mediated FV activation
To analyze whether the recombinantly expressed A2-B and B-A3 linkers were able to interfere with thrombin-catalyzed FV activation, we followed the kinetics of FV processing in the presence or absence of FVa2 or FVa3. Indeed, addition of 50M of either one of the recombinant peptides to the thrombin-FV reaction mixtures delayed disappearance of the band corresponding to the full-length cofactor, and concomitant appearance of the FVa heavy chain (compare Figure 3A -C). These findings indicate that the isolated peptides, albeit unlikely to adopt native-like conformations, were capable of interacting with thrombin in a productive manner, thus interfering with substrate recognition and processing. To determine the regions of the cofactor that are involved in important interactions with thrombin, we attempted to crystallize both free and FPR-inhibited ␣-thrombin in the presence of excess FVa2. Several crystals of free thrombin grown in this manner were measured and processed. However, in line with SPR results, no electron density that could account for the FV peptide was observed in any of these independent crystals (not shown). For this reason, we focused on crystals of inhibited thrombin grown in the presence of excess FVa2. Crystals of the FPR-␣-thrombin⅐FVa2 complex diffract to near-atomic resolution using synchrotron radiation (1.7 Å); these crystals belong to the triclinic space group, and contain 2 complex molecules per asymmetric unit ( Figure 4A ). No residues with either bad bonds or angles are present in the refined model, and all residues lie within most favored or additionally allowed regions of the Ramachandran plot ( Table 2 ). Major contacts between the 2 complexes are formed by the heavy chains of the 2 thrombin moieties. Noteworthy, dimer formation compromises basic side chains of several exosite II residues from one monomer (eg, Arg 93 and Arg 233 ), and, in a less marked manner, from the other monomer (Lys 107 , Lys 236 ; supplemental Figure 6 ). This interface also contains the NH 2 -terminal residues from the light chain of this second thrombin molecule, which are not defined N-terminally of Glu 1C .
Strong, readily interpretable additional electron density around both exosite I areas was immediately observed in maps calculated after positioning the 2 thrombin molecules ( Figure 4B ). This extra electron density could be straightforwardly modeled by the Glu 666 -Glu 672 (Ser 673 ) peptide from human FV. In particular, the aromatic side chain of Phe 668 is fully anchored in thrombin exosite I, occupying a hydrophobic pocket created by both main chain and/or side chain atoms of Phe 34 , Leu 40 , Arg 67 , Arg 73 , and Thr 74 ) ; 0th percentile is the worst. ¶MolProbity score is defined as 0.42574*log(1 ϩ clashscore) ϩ 0.32996*log(1 ϩ max(0,%RotOut-1)) ϩ 0.24979*log(1 ϩ max(0,100-%RamaFavored-2)) ϩ 0.5, where %RotOut is the percentage of bad side-chain rotamers and %RamaFavored is the percentage of residues in favored regions of the Ramachandran plot.
( Figure 5 ). The phenyl ring of Phe 668 engages in strong Van der Waals, edge-to-face interactions with thrombin Phe 34 ; all 6 carbon atoms of this ring are located between 3.7 and 4.1 Å from the Phe 34 C⑀ atom ( Figure 5 ).
The carboxylate group of the following residue, Glu 669 , accepts a hydrogen bond from the main chain N atom of Tyr 76 , and forms in addition a strong salt bridge with the guanidinium group of another thrombin-specific basic residue, Arg 75 . Glu 669 is also connected to the proteinase moiety through a water molecule trapped between its oxygen carbonyl atom and that of Thr 74 ; this water is also coordinated by the guanidinium group of Arg 67 . Further, cofactor residues Pro 670 to Ser 673 form an arc that covers the side chain of thrombin Tyr 76 with Pro 670 engaging in important Van der Waals contacts with the phenolic ring. Finally, in one of the complex molecules the carboxylate group of residue Glu 672 forms a salt-bridge with the guanidinium of Arg 77A , and accepts an H-bond from the hydroxyl of Tyr 76 . However, electron density for the Glu 672 /Arg 77A side chains is poor, and the orientation of these side chains in the other copy precludes this direct contact. Thus, this electrostatic interaction might seem to play a secondary role in FV recognition.
Unfortunately, the low affinity of peptide regions downstream of Ser 673 for cognate thrombin together with packing constraints in these crystals (supplemental Figure 6 ) preclude definition of most of the path followed by the acidic linker before entering the active-site region of the proteinase.
A crystal structure of FVa2 bound to benzamidine-inhibited thrombin confirms engagement of exosite I by the NH 2 -terminal hirudin-like motif
With the aim of confirming these structural results, we performed further crystallization trials using proteinase molecules that are not covalently inhibited. Crystals of benzamidine (Bz)-inhibited thrombin grown in the presence of excess FVa2 contain 4 independent complex molecules in the asymmetric unit ( Figure 6 ), and diffract to 2.55 Å resolution using synchrotron radiation. (Data collection and refinement statistics are given in Table 3 ).
Similar to the FPR-thrombin⅐FVa2 complex, inspection of the electron density maps revealed that the FV peptide runs across exosite I, with Phe 668 and surrounding residues making the most relevant contacts with the proteinase moiety (supplemental Figure  7A ). Of note, clear electron density for Glu 666 is present in only one of the complex molecules, while Glu 672 could not be defined in any of the 4 independent copies (see supplemental Figure 7B for a representation of the final electron density map around exosite I residues). As in the FPR-thrombin⅐FVa2 complex, extensive thrombin-thrombin contacts preclude definition of the more C-terminal part of the A2-B domain linker. Interestingly, electron density is weak or fragmented for several residues of the 70-80 loop, most notably the apical residues, Arg 77A and Asn 78 , indicating enhanced flexibility.
Discussion
We have addressed the structural basis of thrombin-mediated FV activation using recombinant forms of the acidic linkers that connect domains A2-B and B-A3 in the human cofactor (FVa2 and FVa3, respectively). Using SPR, fluorescence, and crystallographic techniques we could detect, at most, marginally relevant interactions between the proteinase and synthetic peptides that contain each of the hirudin-like motifs within the Ile 657 -Arg 709 stretch of human FV. However, the entire FVa2 region was shown to interact with immobilized thrombin molecules in SPR experiments. A functional and accessible exosite I, and in particular an intact 70-80 loop, was essential for FVa2 binding to thrombin. The practically identical dissociation constants obtained with thrombin-coated CM5 and SA chips (Ϸ 2M) suggest that other proteinase regions and in particular exosite II residues contribute little to the recognition of the Arg 709 -Ser 710 activation cleavage site. This dissociation constant is similar to values determined for FV/FVa binding to thrombin based on fluorescence techniques (3.4 and 1.1M, respectively), 16 indicating that the FVa2 linker is responsible for the most relevant thrombin-FV(a) interactions. The tetramer found in the asymmetric unit is shown, with the 4 independent thrombin molecules represented by their major secondary structure elements colored green, purple, orange, and gray, respectively. The Van der Waals surfaces of the 4 monomers are superimposed in lighter tones of the same colors. The FVa2 peptides are given with all their nonhydrogen atoms, color-coded according to the bound thrombin moiety. The benzamidine molecules that occupy the S1 pockets of thrombin are also shown as color-coded ball-and-stick models. Notice that the phenyl rings of Phe 668 dock onto exosite I regions from cognate thrombin molecules.
By contrast, in the case of FVa3 a markedly lower K D value was obtained with thrombin-coated SA chips, compared with the CM5-immobilized proteinase, which points to a definite contribution of exosite II residues to binding affinity. These findings are in line with a recent study indicating that cleavage of the Arg 709 -Ser 710 peptide bond only depends on exosite I residues, while both exosites are required for processing at the more C-terminal activation cleavage site, Arg 1545 -Ser 1546 . 18
The more N-terminal hirudin-like sequence of FVa2 mediates thrombin binding
Previous investigations have established an important role for both thrombin exosites in FV activation, [14] [15] [16] [17] and have in particular shown that exosite I is critical for processing at the more N-terminal site, Arg 709 -Ser 710 . 18 The current structural work demonstrates that the hirudin-like sequence, Glu 666 -Glu 672 , directly interacts with exosite I residues, in particular those that have been identified in a previous mutagenesis study as critical for cofactor activation, Arg 73 , Arg 75 , and Tyr 76 . 17 We stress that these contacts were observed in 6 crystallographically independent complex molecules. Our results are difficult to reconcile with reports suggesting an essential role of the Asp 695 -Gln 699 pentapeptide for (pro)thrombin binding, and also cast doubts on its involvement in prothrombinase activity. 19, 20, 31 However, they are fully in line with the fact that truncated FV that lacks a2 residues C-terminal of Thr 678 binds normally to agarose-immobilized ␣-thrombin, while deletion of the whole linker abolishes interactions with thrombinagarose. 33 Perhaps the high negative density of the Asp 695 -Gln 699 peptide, in particular with one or both tyrosine residues sulfated, might have resulted in nonspecific interactions with thrombin exosites. The structural work also explains the observation that an exosite I-directed DNA aptamer, which covers a large area of the "upper" exosite I (Padmanabhan et al 34 Figure 8A) , inhibits cleavage at the Arg 709 -Ser 710 site. 18 It is noteworthy that the aptamer does not interact with thrombin residues that build the apolar Phe 668 -binding pocket, which might explain the relatively high concentrations needed to completely block FV activation. 18
FVa2 interacts less extensively with thrombin exosite I than the COOH-terminal hirudin tail
A large number of crystal structures of thrombin bound to hirudin or hirudomimetics (ie, bivalent inhibitors composed of an active site-binding moiety coupled to the C-terminal hirudin tail) have been reported 9, 36 (recently reviewed in Corral-Rodríguez et al 10 ) . Comparison with the current structure of the FPR-␣-thrombin⅐FVa2 complex reveals that 2 important cofactor residues, Phe 668 and Glu 669 , adopt similar conformations as hirudin Phe 56H and Glu 57H (distances between C␣ atoms of topologically equivalent residues below 1.5 Å). Accordingly, these 2 residues engage in similar interactions with exosite I (supplemental Figure 9 ). Overall, however, the leech-derived inhibitor runs closer to the thrombin surface than FVa2, and the main-chains of the 2 peptides diverge notably COOH-terminal of Pro 671 /Ile 59H . While the FV peptide points away from the proteinase, the last C-terminal hirudin residues form a short ␣-helix that docks onto the "upper" exosite I region. Side chains of these residues are involved in strong interactions with thrombin, most notably the naturally sulfated Tyr 63H , and Leu 64H . These additional contacts have no counterpart in the FV linker, explaining why FVa2 possesses a much lower affinity for thrombin than Hir-(54-65)(SO 3 Ϫ ) (K D 26-38nM; Bock et al 25 ) .
While electrostatically-driven interactions are likely to orient FVa2 toward exosite I, the strongest contacts with thrombin residues are made by aromatic/aliphatic side chains, most notably Phe 668 . A similar preeminence of nonpolar interactions has long been recognized in thrombin-hirudin complex formation. Despite ʈThe 100th percentile is the best among structures of comparable resolution (2.55 Ϯ 0.25 Å); 0th percentile is the worst. ¶MolProbity score is defined as 0.42574*log(1 ϩ clashscore) ϩ 0.32996*log(1 ϩ max(0,%RotOut-1)) ϩ 0.24979*log(1 ϩ max(0,100-%RamaFavored-2)) ϩ 0.5, where %RotOut is the percentage of bad side-chain rotamers and %RamaFavored is the percentage of residues in favored regions of the Ramachandran plot. the large differences between the A2-B domain linker and hirudin/ hirudomimetics (supplemental Figure 9) , by far the largest contributions to inhibitor binding are provided by aromatic/aliphatic side chains. 10 Most notably, replacement of hirudin Phe 56H by residues with branched side chains (Ile, Val, or Thr) results in a 30-, 60-, or 115-fold increase in the inhibition constant, respectively. 37 Similarly, the Phe 56H 3Gly analog of a potent hirudomimetic, P552, possesses a 473-fold higher K I value than the unmodified inhibitor. 38 A similar role to Phe 668 is played by residue Phe 55 in PAR1. 39 
The whole A2-B domain linker wraps around thrombin in a productive thrombin⅐FV complex
Despite repeated crystallization trials, so far, we have not been able to obtain a crystal form in which the whole FVa2 sequence is defined by electron density. However, the binding mode of residues that immediately precede and follow the activation cleavage sites of other thrombin substrates has been revealed in previous structural investigations. Crystal structures of thrombin bound to fibrinopeptide A residues Asp 7 -Arg 16 or to FXIII residues Thr 28 -Arg 37 , corresponding to nonprime sites P 10 to P 1 , have been reported. [40] [41] [42] Additional interactions of the prime residues P 1 Ј to P 3 Ј were revealed in the structure of bovine thrombin complexed with an uncleavable analog of the longer peptide, Asp 7 -Arg 19 . 43 More appropriate for modeling the FVa2 sequence around the Arg 709 -Ser 710 site in a productive complex with thrombin is the recently solved crystal structure of the inactive Ser 195 Ala thrombin mutant bound to residues Ala 33 -Glu 57 of human PAR1. 39 We first modeled the Leu 706 (P 4 )-Phe 711 (P 2 Ј) stretch of FV essentially following the equivalent PAR1 sequence, and then extended the polypeptide chains without other constraint than observation of standard peptide geometries. A hypothetical, energy-minimized model of human ␣thrombin bound to FV residues Ile 657 -Glu 722 is presented in Figure 7 .
In addition to its excellent stereochemistry, 2 observations underscore the plausibility of this model. First, FVa2 approaches the triplet of arginines at positions 93, 97, and 101 that are the only exosite II residues reported to be involved in FV activation. 14, 17 Interestingly, a sulfated Tyr 698 residue could engage in electrostatic interactions with any of these basic residues, perhaps explaining some reports on the role of the C-terminal FVa2 region in (pro)thrombin binding, 19, 44 and the relevance of FV sulfation for efficient thrombin-catalyzed activation. 45, 46 Second, the model offers an explanation for the finding that an exosite II-directed DNA aptamer fails to inhibit cleavage at the a2-B domain border. 18 Although the structure of this aptamer has not been reported, an RNA aptamer that also binds exosite II has been structurally characterized in complex with thrombin. 47 Comparison with the current thrombin⅐FVa2 model reveals that simultaneous binding to the proteinase is possible without steric clashes (supplemental Figure 8B ), which might also apply to the DNA aptamer.
Two major conclusions can be derived from this modeling exercise, which are independent of the specific details of thrombin-FVa2 interactions. First, the relatively long distance between residues Glu 672 , the position of which is derived from the current experimental work, and Leu 706 (position P 4 ; predicted with high confidence from other thrombin⅐substrate complexes) necessarily implies that the intervening sequence has to run close to the thrombin surface, and is likely to engage in several, albeit weaker contacts with the proteinase. This would explain the negligible affinity of FVa2 fragments for thrombin. Second, in the Michaelis complex, the N-terminal peptide of the B domain would run close to the FVa2 exosite I-binding region. As a consequence, clusters of negatively charged residues located between the globular A2 domain and the exosite I-binding motif (Asp 659 -Asp 663 ) and downstream of the cleavage site (Glu 719 -Glu 722 ) would be arranged in close vicinity (Figure 7 ). Repulsion between these 2 acidic clusters might contribute to local unfolding of the a2-B region to facilitate thrombin binding and/or promote rapid substrate release after proteolysis of the Arg 709 -Ser 710 site.
Mechanism of human FV activation
The current results suggest an explanation for the well-characterized, kinetically preferred pathway of human FV activation 18, 48, 49 that allows explaining processivity. Recognition of the Arg 709 -Ser 710 site is primarily facilitated by thrombin interactions with the Glu 666 -Glu 672 stretch ( Figure 5 , supplemental Figure 10A ). Once anchored to exosite I, the more C-terminal part of the acidic linker wraps around the proteinase, aided by transient interactions with residues on the border of exosite II. In this manner, the Arg 709 -Ser 710 peptide bond is presented to the catalytic machinery in an optimal conformation for cleavage ( Figure 7 , supplemental Figure 10B ). After processing, electrostatic repulsion of Asp 659 -Asp 663 and Glu 719 -Glu 722 stretches forces the more C-terminal substrate residues to leave the active-site cleft. Conceivably, thrombin remains bound to the cleaved FV molecule via exosite I, and could gain access to the now fully exposed Arg 1018 -Thr 1019 peptide bond, basically driven by interactions with the immediate vicinity of the scissile peptide bond (supplemental Figure 10C ). In this regard, it is noteworthy that the residues at positions P 2 (Pro 1017 ) and P 4 (Leu 1015 ) correspond to those of an ideal thrombin substrate.
Cleavage at this second site releases the Ser 710 -Arg 1018 region (fragment E) and facilitates processing of the C-terminal peptide bond, Arg 1545 -Ser 1546 (Thorelli et al 50 ) , probably by increasing its accessibility (supplemental Figure 10D ). This final step requires thrombin transfer to the FVa3 region, explaining its slower kinetics, 48 perhaps because the multiple 9-residue repeats N-terminal of this site adopt a definite, as yet unknown tertiary structure. Presumably, the more Figure 7 . Hypothetical model of the productive thrombin⅐FVa2 complex. The model was generated based on the current structure of FPR-␣-thrombin⅐FVa2 and that of S195A thrombin bound to a fragment from the PAR1 ectodomain that includes the activation cleavage site (PDB code 3LU9). 39 Factor V residues Leu 706 (P4) to Phe 711 (P2Ј) were modeled according to the conformation of the equivalent PAR1 sequence, and the 2 polypeptide fragments were then extended following standard peptide geometries. The well-defined active-site-and exosite I-binding regions are highlighted in green. Notice that the relatively large distance between these 2 peptides (ϳ 40 Å between C␣ atoms of residues Glu 672 and Leu 706 ) necessarily implies that the intervening sequence has to adopt a rather extended conformation, running close to the thrombin surface. The spatial proximity of clusters of acidic residues, Asp 659 -Asp 663 and Glu 719 -Glu 722 , in the Michaelis complex is also noteworthy. The side chain of the arginine residue targeted by APC (Arg 679 ) is also shown, as well as Tyr 698 , which could contact basic residues at the edge of exosite II, especially if sulfated.
C-terminal hirudin-like sequence of FVa3 binds first to exosite II (supplemental Figure 10E) , followed by displacement of FVa2 from exosite I and simultaneous docking of the Arg 1545 -Ser 1546 site into the thrombin active-site cleft. Finally, cleavage of this peptide liberates fragment C1 (Thr 1019 -Arg 1545 ) and generates the fully functional cofactor (supplemental Figure 10F) .
In summary, we have unambiguously established that the more N-terminal, hirudin-like sequence of FVa2 interacts with thrombin exosite I. We are tempted to speculate that this binding mode is shared by FVa3 and FVIIIa1-a3, although lack of significant sequence similarity with FVa2 impedes a straightforward assignment of residues that could occupy positions equivalent to those of, for example, Phe 668 . Furthermore, and considering the ability of Hir-(54-65) to interfere with FVa-mediated activation of prothrombin, 28 it is conceivable that the Glu 666 -Glu 672 region of the activated cofactor interacts with pro-and/or meizothrombin essentially as revealed in complexes with ␣-thrombin.
Accession numbers
Coordinates have been deposited in the Protein Data Bank with accession numbers 3P6Z and 3P70.
